Hypoplastic left heart syndrome
===============================

Hypoplastic left heart syndrome (HLHS) represents between 2 and 3% of all congenital heart malformations. It is present in 1 out of 4,344 live births in the US with an incidence around 1,000 patients a year.[@b1-phmt-7-149] This syndrome is a spectrum of congenital malformations characterized by the underdevelopment of the left ventricle (LV) and left outflow tract including hypoplasia of the LV, atresia, stenosis or hypoplasia of the aortic and/or mitral valves, and hypoplasia of the ascending aorta and aortic arch. The systemic circulation is ductal-dependent (needs a patent ductus arteriosus \[PDA\] for survival) and requires an atrial septal defect for adequate mixing. This condition is uniformly fatal if not treated and is the most common cause of cardiac death in patients \<1 month old.[@b2-phmt-7-149] No known causes have been found for this condition, but some genetic component is suspected, as well as hereditary and environmental causes.[@b3-phmt-7-149],[@b4-phmt-7-149] It is usually an isolated cardiac defect, but some genetic syndromes are occasionally associated.[@b5-phmt-7-149] The risk of recurrence in future pregnancies is estimated at 2--4%, but this can increase to 25% in families with 2 affected children. Outcomes have improved with earlier diagnosis, and currently, 2 out of 3 infants with this condition are diagnosed prenatally.[@b6-phmt-7-149]--[@b9-phmt-7-149]

These patients appear healthy at birth, but as the PDA starts to close and pulmonary vascular resistance decreases, they develop pulmonary over-circulation with pulmonary edema and inadequate systemic perfusion, which eventually cause acidosis and shock. This manifests with tachycardia, tachypnea, and hypoxia. The chest X-ray will show evidence of pulmonary venous congestion, a prominent right ventricle border, and a cardiac silhouette which may appear hypoplastic, normal, or enlarged. The initial treatment is medical, consisting of intravenous prostaglandins to assure ductal patency, as well as deliberate room air spontaneous respiration to keep oxygen saturations between 75 and 85%, and hypoventilation to keep a higher *p*CO~2~ (40--50 mmHg) to increase pulmonary vascular resistance, thereby improving systemic blood flow. Keeping preoperative oxygen saturations between 75 and 85% corresponds to a balanced systemic-to-pulmonary circulation, according to the Fick equation. Ideally, spontaneous respiration on room air should be sufficient to keep a balanced circulation. However, if necessary, elective intubation and hyperbaric ventilation may be provided to control excessive pulmonary blood flow, and in rare extreme situations, addition of nitrogen to the oxygen content is required to achieve this goal. After stabilization of the neonate for a few days, surgical palliation is undertaken in the first week of life.

The most common pathway to treat HLHS includes 3-staged operations with the Norwood stage I procedure[@b10-phmt-7-149] in the first week of life, a partial cavo-pulmonary anastomosis (bidirectional Glenn or Hemi-Fontan) at 3--8 months of age, and a total cavo-pulmonary anastomosis (Fontan procedure) when the patient is about 2--4 years old. The Norwood procedure is a very complex operation that requires cardiopulmonary bypass (CPB), moderate-to-deep hypothermia, and a challenging reconstruction of the ascending aorta and aortic arch, plus a source of pulmonary blood flow, being either 1) a systemic-to-pulmonary artery (PA) shunt or 2) a right ventricular--PA conduit. According to the latest findings of the largest multicenter study conducted by the Congenital Heart Surgeons' Society (CHSS), neonates who undergo Norwood stage I palliation with the right ventricular--PA conduit have superior 6-year overall survival and transplant-free survival, compared with those who undergo palliation with a systemic-to-PA shunt ([Figure 1](#f1-phmt-7-149){ref-type="fig"}).[@b11-phmt-7-149]

In the last decades, an alternative strategy to the Norwood stage I, called the "hybrid approach", has shown promising results.[@b12-phmt-7-149]--[@b14-phmt-7-149] This consists of placing bilateral PA bands and a stent in the PDA,[@b15-phmt-7-149] also during the first week of life. This approach has the advantage of avoiding the potential risks of CPB, cardioplegic cardiac arrest, and hypothermia in the neonatal period but shifts the complexity to the second operation at a later stage. In patients with a restrictive inter-atrial septum, a balloon atrial septostomy, with or without atrial stenting, is often required prior to home discharge.

If the hybrid approach is done during the neonatal period, a comprehensive stage I+II procedure is done at 3--6 months of life. This procedure involves complex surgery where the PDA stent and PA artery bands are removed, the PAs and aortic arch are reconstructed, and a bidirectional Glenn or Hemi-Fontan procedure is performed. Timing of the final stage III completion Fontan operation remains at around 2--4 years of age, similar to that after a Norwood I followed by a bidirectional Glenn (or Hemi-Fontan) procedure.

Heart transplantation has always been, in theory, a very attractive option. However, the ever-present risk of rejection and infection in children due to lifelong immunosupression has to be taken into account. The very small number of suitable donor hearts is one of the most limiting factors for this approach, so most centers have abandoned cardiac transplantation as the primary mode to treat HLHS.[@b16-phmt-7-149] There are about 100 infant heart transplants in the US per year for all cardiac diagnoses.[@b17-phmt-7-149] Transplantation has become a secondary or salvage therapy for patients who have failed the staged reconstruction or those who have failed Fontan physiology.[@b18-phmt-7-149]--[@b21-phmt-7-149]

Survival rates of stage I palliation have significantly improved in the last 3 decades since the introduction of the Norwood procedure from 56% in 1983 to 90% in 2014 for low-risk anatomic variants.[@b22-phmt-7-149] For high-risk HLHS variants, which include anatomical subtypes of aortic atresia/mitral atresia+aortic atresia/mitral stenosis, intact or restrictive atrial septum, poor ventricular function, tricuspid regurgitation, and micro-ascending aorta (less than 2 mm), mortality ranges from 20 to 50%.[@b23-phmt-7-149] Other noncardiac risk factors are shock at presentation, birth weight less than 2.5 kg, gestational age less than 34 weeks, or serious noncardiac genetic malformations.[@b23-phmt-7-149]

In the interstage Norwood to Glenn (or Hemi-Fontan) period, which is a time theoretically spent at home by the infant while waiting for stage II palliation, mortality ranges from 4 to 16%.[@b24-phmt-7-149] Survival rate of the Glenn (or Hemi-Fontan) operation is excellent, ranging between 95 and 100%. The interstage mortality from Glenn (or Hemi-Fontan) to Fontan (stages II--III, which is also time spent at home), is around 9%.[@b25-phmt-7-149] Contemporary survival rates of the Fontan operation have also considerably improved, comparable to the stage II Glenn (or Hemi-Fontan) operation at 95--100%. In the largest multi-institutional cohort studied by the CHSS to date, overall survival rate of neonates after any type of Norwood I palliation is 62±3% at 6 years.[@b11-phmt-7-149]

Improved outcomes for this otherwise lethal disease require a multidisciplinary team of congenital heart surgeons, cardiologists, pediatric intensivists, cardiac anesthesiologists, specialized nursing staff, perfusionists, and social workers, just to name a few. Cost implications are considerable, and hospitals need to be equipped with the infrastructure to support the staff. The operating rooms need to be adequate to accommodate the CBP machine, cardiac anesthesia, and transesophageal echocardiogram. A catheterization lab and an in-house extracorporeal membrane oxygenation (ECMO) program are necessary as well as imaging with computed tomography scan and magnetic resonance imaging, transport teams, and neonatal and fetal center capabilities.[@b26-phmt-7-149] The catheterization lab with biplane fluoroscopy is a cornerstone if a center wants to perform the hybrid stage I palliation, as well as planned diagnostic catheterization before stage II and III, to obtain full imaging and physiological data in order to plan the upcoming respective surgical palliations.

The current expectations of patients who survive to the age of 1 year are a long-term survival of 90%, with 70% of them reaching adulthood.[@b5-phmt-7-149] These improved outcomes are associated with higher case volumes of each institution, where centers with a larger volume have better outcomes.[@b27-phmt-7-149] The length of stay (LOS) for a patient after a Norwood procedure is around 28 days with a cost close to \$110,000 (US), and hospital charges around \$280,000, making the daily hospital cost for these patients around \$7,000 to \$10,000. The LOS, cost, and charges are similar between patients who undergo the Glenn (or Hemi-Fontan) and Fontan procedures, with an LOS of 9--11 days, costs of \$40,000, and charges close to \$100,000, which are approximately one-third of the total amount for those who undergo a Norwood stage I palliation.[@b28-phmt-7-149] Of the treatment options for HLHS, cardiac transplantation, either as primary or as rescue therapy, is associated with the highest use of resources. The LOS is around 87 days with costs of almost \$3,000,000 and charges of \$580,000, making cardiac transplantation the most expensive option.[@b29-phmt-7-149]--[@b31-phmt-7-149]

In comparison to HLHS, a high-risk operative category, less complex cardiac diagnosis such as atrial and ventricular septal defects or tetralogy of Fallot[@b32-phmt-7-149] is associated with lower risk surgery, less likelihood of complications, and shortened intensive care unit and hospital stays.[@b33-phmt-7-149] The median cost of cardiac surgery for all children is around \$51,000, making HLHS treatment almost twice as costly as the average cardiac operation. ECMO support, which can occasionally be needed after a Norwood I operation, and almost never so after more common repairs of low-risk diagnoses, is also associated with increased resource utilization.[@b34-phmt-7-149]

These costs are only for the surgeries, but it is important to remember that patients with HLHS face outpatient clinic visits, imaging studies, cardiac catheterizations, myocardial biopsies (for transplanted patients), and medications for their entire life. The financial burden for families, hospitals, insurance companies, and government agencies is most likely to be increased in the future, since the success of surgical palliation has been improved and mortality has been decreased in the last 30 years. Before 1990, these patients had limited health-care costs because the only available option was comfort care and they died shortly after birth.

The improved overall survival of patients with HLHS is not only due to surgical and in-hospital innovations by all professionals taking care of these patients but also thanks to enhanced interstage follow-up and closer monitoring between operations. Home monitoring strategies have been implemented to detect vital sign variations that parents can measure, which would precede significant deterioration of the baby's health status. The program consists of daily oxygen saturation level monitoring and daily weight measurement by parents or guardians, who will have been trained prior to hospital discharge. Follow-up by telephone calls by members of the congenital heart care-giving group is done on a weekly basis, as well as by having an on-call person available 24 hours a day, 7 days a week. The home monitoring program is an inexpensive measure that has reduced the interstage mortality between the Norwood and Glenn (or Hemi-Fontan) operations, with a survival rate of 98%.[@b35-phmt-7-149] It costs around \$800 a month for the patient's family to get a pulse oxymeter and an infant scale which are usually covered by private insurance and Medicaid, in the US. Besides being cheap, they have helped to prevent interstage deaths, by recognizing inadequate growth or inappropriate oxygen saturations commonly seen in infants with shunt-dependent physiology. Complementing the interstage home monitoring programs, specialized interstage outpatient clinics with dedicated cardiac physicians, nurse practitioners, dieticians, and staff have tremendously enhanced the quality of care and optimization of patients for future stages.

In conclusion, embarking upon a program for treating babies with HLHS involves more than just a surgical team with skills to operate. It requires huge manpower at all physician and nursing levels, resources, equipment, infrastructure, and political/economical administrative support, which go well beyond the mere neonatal period of any given patient. As mentioned, enhanced survival and current improving results are prolonging the life span of these patients into adulthood, making any center's commitment to treat them a generational one. The best outcomes come from high-volume centers,[@b27-phmt-7-149] so any new program starting with smaller patient numbers will require a meticulous inquiry and self-evaluation to plan and ensure sustainable quality of outcomes. If the results are not those expected, as defined by benchmark reports, system deficiencies should be sought out to attempt improving patient outcomes. Most financial reports will attest that Norwood I palliation and cardiac transplantation are the most expensive treatment arms. It has been suggested that the hybrid stage I is less costly, and can give more time to patients' families in developing countries to arrange financial and medical support for the ulterior comprehensive stage I+II surgery.[@b36-phmt-7-149] Meticulous planning should be considered by all centers wanting to start programs to treat HLHS, which remains the most challenging of cardiac diagnoses to obtain consistent excellent outcomes in a sustainable fashion.
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